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Abstract

The Hedgehog (Hh) pathway regulates the growth of a subset of adult gliomas and better
definition of Hh-responsive subtypes could enhance the clinical utility of monitoring and targeting
this pathway in patients. Somatic mutations of the isocitrate dehydrogenase (IDH) genes occur
frequently in WHO grades Il and 111 gliomas and WHO grade 1V secondary glioblastomas. Hh
pathway activation in WHO grades Il and 111 gliomas suggests that it might also be operational in
glioblastomas that developed from lower grade lesions. To evaluate this possibility and to better
define the molecular and histopathological glioma subtypes that are Hh-responsive, IDH genes
were sequenced in adult glioma specimens assayed for an operant Hh pathway. The proportions of
grades Il1-1V specimens with IDH mutations correlated with the proportions that expressed
elevated levels of the Hh gene target PTCH1. Indices of an operational Hh pathway were
measured in all primary cultures and xenografts derived from IDH-mutant glioma specimens,
including IDH-mutant glioblastomas. In contrast, the Hh pathway was not operational in
glioblastomas that lacked IDH mutation or history of antecedent lower-grade disease. IDH
mutation is not required for an operant pathway however, as significant Hh pathway modulation
was also measured in grade I11 gliomas with wild-type IDH sequences. These results indicate that
the Hh pathway is operational in grades Il and 111 gliomas and glioblastomas with molecular or
histopathological evidence for evolvement from lower-grade gliomas. Lastly, these findings
suggest that gliomas sharing this molecularly defined route of progression arise in Hh-responsive
cell types.

Introduction

The Hedgehog (Hh) pathway is one signaling mechanism that regulates cellular
differentiation and whose activity has been implicated in the growth of malignancies [1].
Cellular responses to Hh signaling are regulated by Patched-1 (PTCH1) and Smoothened
proteins. PTCHL1 functions to suppress the activity of Smoothened and Hh ligand binding to
PTCHL.1 inhibits this function to activate the GLI family of transcription factors [2]. PTCH1
and GLI1 are transcriptional gene targets of Hh signaling, and in the proper context their
expression levels can be used to monitor Hh pathway activity in malignancies. Definitive
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molecular markers of an activated Hh pathway have not been identified, and static
measurements of PTCH1 and GLI1 levels in tumor specimens serve only as indicators of
potential pathway activation. A role for aberrant Hh signaling in tumorigenesis was first
appreciated with the discovery of mutations in Hh signal transduction components
conferring ligand-independent pathway activation in medulloblastoma and basal cell
carcinoma [3-7]. In contrast to these two tumor types in which clonal deregulation of Hh
signaling is driven by mutations in pathway components, ligand-dependent activation of the
Hh pathway has been identified in a broader array of malignancies, including those of the
lung [8], gut [9, 10], prostate [11, 12], blood [13, 14], and brain [15-21]. In these tumors,
the Hh pathway appears to be activated in a small population of cells as reflected by marked
cellular heterogeneity in the expression of Hh pathway components. Malignant gliomas
contain a population of stem-like cells that manifest enhanced resistance to chemoradiation,
promote angiogenesis, and can be prospectively identified by the expression of CD133
among other surface markers [22]. The Hh pathway regulates CD133+ tumor cells [15, 16,
20] and may thus be a target for novel therapeutic strategies. The clinical utility of
monitoring and targeting this pathway in patients, however, could be enhanced by better
definition of the malignantglioma subtypes that manifest an operational Hh pathway. Where
as our prior studies have indicated that Hh signaling is confined to WHO grade 1l (Gll) and
I11 (G11) oligodendrogliomas, oligoastrocytomas and astrocytomas [17, 20], other groups
have reported evidence for pathway activation in some GIV glioblastomas [15, 16, 21].
Taken together, these findings suggest that the Hh pathway may be operational in secondary
glioblastomas (sGBM) that evolve from lower grade gliomas. Primary glioblastomas
(pGBM), which occur without evidence of antecedent disease, represent >90% of
glioblastomas [23, 24]. As clinical trials for Hh antagonists emerge, determining the glioma
subtypes in which the pathway is operational could impact inclusion criteria and outcome
interpretation. Somatic mutations of the IDH1 and IDH2 genes occur in more than 70% of
diffuse astrocytomas, oligodendrogliomas, oligoastrocytomas and secondary glioblastomas,
and less than 7% of primary glioblastomas [25-28]. The high frequency of IDH mutations in
GllI and Gl gliomas and their occurrence in patient tumor specimens prior to the
acquisition of either TP53 mutation or loss of 1p/19q has been interpreted to suggest that
IDHI mutations are an early event in gliomagenesis in a cell type that can give rise to
astrocytic and oligodendroglial tumors [28, 29]. In this study, we sequenced IDH1 and IDH2
in glioma specimens previously annotated for Hh pathway activity [17, 20] and in a larger
set of clinical specimens as part of an extensive survey to define the malignant glioma
subtypes that manifest an operational Hh pathway.

2. Materials and methods

2.1. Tissue procurement

Brain tumor and epilepsy specimens from adult patients treated at VVanderbilt Medical
Center from 2003 to 2008 were obtained in accordance with Institutional Review Board
approval. Primary brain tumors were phenotyped and graded using World Health
Organization criteria. RNA was extracted for qRT-PCR studies from specimens for which
excess tissue was available for banking in a research tissue repository. Gene sequencing was
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performed and primary cell cultures and direct orthotopic xenograft models were generated
from tumor specimens for which adequate excess tissue was available.

2.2. RNA extraction, cDNA synthesis, and qRT-PCR

Total RNA was extracted from brain tissue or primary cell cultures with the RNeasy Mini
Kit (QIAGEN). Genomic DNA was removed (RNase-Free DNase Set, QIAGEN) and
purified RNA was quantified (RiboGreen RNA Quantitation Kit, Life Technologies). First-
strand cDNA synthesis was performed with total RNA (500 ng) using oligo (dT) and
random hexamer primers (SuperScript VILO cDNA Synthesis Kit, Life Technologies). For
negative controls, reverse transcriptase was omitted from the synthesis reaction (-RT). For
all measurements, qRT-PCR was performed in triplicate for each sample and on the
corresponding —-RT control. For primary brain tumor and epilepsy specimens, qRT-PCR
reactions were performed with SYBR Green Supermix (Bio-Rad), cDNA template, and 200
nM primers for human PTCH1 (exons 20 and 21) and GAPDH [17]. Additionally,
measurements in primary brain tumors were corroborated using probes for PTCH1
(Hs00970979_m1, Life Technologies) and GAPDH (Hs99999905_m1, Life Technologies).
For gRT-PCR analysis of primary cell cultures and xenografted tumors, reactions were
performed with TagMan Fast Universal PCR Master Mix (Life Technologies), cDNA
template, and probes (TagMan Gene Expression Assay, Life Technologies) for hGLI1
(Hs01110766_m1), hPROM1 (Hs01009261_m1) and hGAPDH (Hs99999905_m1) [20]. For
all gRT-PCR measurements, standard curves were generated on serial dilutions of a human
cDNA mixture [17]. For each amplicon, quantities were determined according to the
standard curve method (User Bulletin #2, PE Applied Biosystems).

2.3. Glioma cell culture and Hh signaling assays

Tumor samples for one GlI, four Glll and seven GIV gliomas were dissociated (Papain,
Worthington Biochemical Corporation) and plated in DMEM/F12, 10% heat-inactivated
FBS, and 1x Penicillin—Streptomycin (Life Technologies) for 1-2 days to allow viable cells
to adhere and for the removal of non-adherent debris. Adherent cells were then recovered
and plated in non-treated polystyrene flasks (BD-Falcon) in NeuroCult medium with
supplements (NeuroCult NS-A Proliferation Kit, Stem Cell Technologies), 2 Ig/ml heparin
(Sigma), 20 ng/ml EGF (Stem Cell Technologies), 10 ng/ml bFGF (Stem Cell
Technologies), and 1x Penicillin-Streptomycin (Life Technologies). The resulting spheres
of cells were transferred to non-treated polystyrene multiwell plates (BD-Falcon) and
cultured in triplicate either alone, with 50 nM SAG (Smoothened agonist, [30]), with 500
nM SAG or 200 nM SANT1 (Smoothened antagonist 1, ChemBridge). Human GLI1 and
GAPDH levels were measured by qRT-PCR as described above.

2.4. Anchorage-independent growth

Growth in soft agar was assayed for low-passage primary cell cultures derived from 4 Gll, 7
GlIl, and 5 GIV gliomas, an epilepsy specimen (negative control, passage 4) and U87 MG
cells (ATCC, positive control). 6-well culture plates were layered with 1.5 ml of 0.4%
UltraPure agarose/DMEM/8% heat-inactivated FBS/ Penicillin—Streptomycin (Life
Technologies) and allowed to dry. For each well, 10,000 cells were resuspended in 1.5 ml of
0.4% agarose medium, layered onto the 6-well plates and allowed to solidify. Culture
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medium (DMEM/8% heat-inactivated FBS/Penicillin—Streptomycin, 2 ml) was added to
each well and replaced twice weekly. After 6 weeks, cell colonies were counted by phase-
contrast imaging with a 10x objective in 10 fields per well. Colonies that were P50 Im in
diameter were scored as positive, to discern individual cells that failed to divide from
colonies that contained a median number of 10 cells [31, 32].

2.5. IDH1 and IDH2 sequencing

Glioma cDNA libraries were used as templates for specific amplification of IDH1 and IDH2
sequences with primer sequences 50TTCGCCAGCATATCATCCCGGC (IDH1fwd),
50GCAAGCAGCCAAGTCCTTGGTC (IDH1rev), 50TCACCCCTGATGAGGCC CGT
(IDH2fwd) and 50TGTACATGCCCATGCCCACGC (IDH2rev). Sanger sequencing was
performed on both strands using internal primers 50TGTTGGCGTCAAATGTGCC ACT
(IHD1segF), 50AGCCATTTGGAAGGAACTGTGTGC (IDH1segR), 50TCACCCCTGAT
GAGGCCCGT (IDH2fwd) or 50TGTACATGCCCATGCCCACGC (IDH2rev). IDH
sequencing was performed for 116 glioma specimens that included the 26 specimens from
which primary cell lines were generated and assayed for Hh signaling (12 Hh signaling
assays reported in this study and 14 Hh signaling assays reported else where) [17, 19, 20]
and the two specimens from which primary orthotopic glioma xenografts were generated.
IDH sequencing was also performed on the derived primary glioma cell lines and primary
orthotopic glioma xenografts.

2.6. Cell sorting from primary orthotopic glioma xenografts and gliomas

Primary tumor samples were dissociated with papain (Worthington Biochemical
Corporation), and passed through a 40 Im filter. Cells were labeled with a CD133/1 (15
lg/ml, Miltenyi Biotec) antibody crosslinked to magnetic nanoparticles and subjected to
immunomagnetic cell separation using the EasySep Magnetic Selection Kit (Stem Cell
Technologies). CD133-enriched cells (104-105) were transplanted into the striatum of NSG
mice (NOD-scid IL2Rg null, Jackson Laboratory) according to a protocol approved by the
Vanderbilt Medical Center Institutional Animal Care and Use Committee. Mice were
anesthetized with ketamine and xylazine, and securely placed on a stereotactic frame. Using
aseptic surgical procedures, an incision was made in the scalp and a small burr-hole was
drilled 2.5 mm lateral to the bregma. CD133-enriched cells were implanted 2.5 mm into the
right striatum using a Hamilton syringe. Mice were euthanized after developing symptoms
of tumor engraftment (significant and sustained weight loss over time). Harvested brains
were placed in a slicer matrix (Zivic Instruments) and tumor was dissected from 1 mm
coronal slices for papain dissociation. Dissociated cells from xenografted material or
primary gliomas were labeled with CD133/1-APC antibody (1:10, Miltenyi Biotec) and
fluorescence-activated cell sorting was performed (FACSAria I, BD Biosciences). qRT-
PCR for hGLI1, hPROM1 and hGAPDH was performed on unsorted and sorted cells as
described above.

2.7. Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were processed for antigen retrieval in a
pressure cooker with 10 mM Citrate Buffer/0.05% Tween-20, pH 6.0, and then treated with
0.01% H202 and 0.01% donkey serum (Jackson Labs). Slides were stained with IDH1
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R132H antibody (1:50, Dianova) and immunoenzymatic detection was achieved with the
HiDef HRP Polymer System (Cell Marque) according to the manufacturer’s instructions,
using 3, 30-diaminobenzidine (half-strength) as the chromogen. For slides stained with
PTCH antibody (1:100, Everest Biotech), immunoenzymatic detection was performed with
the ImMmPRESS Anti-Goat Peroxidase Polymer Detection Kit (Vector Laboratories)
according to the manufacturer’s instructions. The slides were then counter stained with
Hematoxylin QS (Vector Laboratories).

2.8. IDH1 mutagenesis, cell transfection and metabolite extraction

Point mutations (R132H, R132G, R132S and Y183C) were introduced into the IDH1 open
reading frame by PCR site-specific mutagenesis (Quick change Il XL Site Directed
Mutagenesis Kit, Strata gene) using pPCMV6-Entry wild-type IDH1 vector (OriGene) as a
cDNA template. All mutations were verified by sequence analysis (GenePASS). Human
embryonic kidney cells (HEK 293T/17, ATCC) plated in 6-well plates were co-transfected
(FuGene 6, Roche) with IDH1 R132H expression plasmid over a range of 12.5-3200 ng, in
two fold increments, and variable amounts of empty vector ()CMV6-Entry vector) to
normalize the total DNA quantity in each well. In subsequent experiments, HEK 293T cells
cultured in 6-well plates were transfected with 4 Ig per well of IDH1 plasmid containing
wild-type sequences or point mutations (Y183C, R132H, R132S or R132G). After 48h
metabolites were extracted using 80% aqueous methanol as described [33, 34] and processed
by LC-MS/MS. Total protein was calculated (Micro BCA Protein Assay Kit, Pierce Thermo
Scientific) in cell lysates and culture medium. 2-hydroxyglutarate measured in cell lysates
was normalized to total protein in the cell lysate and in the medium it was normalized to the
volume analyzed.

2.9. 2-Hydroxyglutarate measurements by LC-MS/MS

A novel isotope-labeled 13C4-2HG was synthesized by chemical reduction of 13C4-aKG
(Cambridge Isotope Laboratories, Inc.). Briefly, 13C4-aKG was dissolved in ethanol at
room temperature and stirred with equimolar sodium borohydride for 30 min. A calculated
90% yield was determined by LC-MS for this isotopically labeled internal standard product
(1,2,3,4-13C4-2HG), and no residual unlabeled 2HG was observed in this synthetic
standard. The internal standard was found to be stable when stored in water at —20°C until
use. Additions of 13C4-2HG internal standard were made to 0.30 ml cell growth media
and/or 0.05 ml cell lysate. Cell lysates were further diluted with 0.05 ml water, and all
samples were centrifuged to remove insoluble media components. The supernatants were
deproteinized by membrane dialysis (5kDa MWCO, 1h, 15°C, 10,000 ug). The clear filtrate
was removed and injected for analysis. Cell culture samples were analyzed for 2HG on a
Thermo Scientific LTQ linear ion trap mass spectrometer (Thermo Scientific) equipped with
an lon Max HESI source and software-controlled 6-port divert valve. The instrument was
tuned and calibrated monthly over a mass range of m/z 195-1822 using a mixture of
caffeine, MRPhA and Ultramark 1621 according to the manufacturer’s autotune procedure.
A dual SAX-reverse phase HPLC system consisting of two Survey or MS Pumps, a Thermo-
Pal HTC Auto sampler (Thermo-Fisher), and a tributylammonium acetate (TBAA) ion pair
reagent was used for all chromatographic separations. A schematic illustration of the dual
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HPLC system (Supplementary Fig. 2A) and characterization of LC-MS/MS assay accuracy
and precision (Supplementary Fig. 2B) are available in Supplementary Information.

2.10. IDH1 expression and Hh signaling assays in NIH 3T3 cells

Hh signaling assays in NIH 3T3 cells were performed as previously described [35]. Briefly,
mouse embryonic fibroblasts (NIH 3T3) plated in 12-well plates were transfected (FuGene
6, Roche) with 600 ng of Gli-reporter (pGL3-8xGli-luciferase) and pCMV-LacZ, (a
transfection control with a 9:1 ratio of Gli-reporter:LacZ) and 700 ng of IDH1 plasmid per
well (p)CMV6-Entry vector, IDH1, R132S, R132G, and Y183C). Twelve hours later, cells
were induced with varying amounts of Shh protein in low-serum medium (0.5% calf serum)
and cultured for an additional forty hours. Data shown was normalized with the highest
value set at 100. In additional experiments, NIH 3T3 cells were transfected (FuGene 6,
Roche) with IDH constructs (IDH1, R132S, R132G, and Y183C) over a range of 100 -1600
ng in two fold increments, 700 ng of Gli-reporter and pCMV-LacZ (9:1 ratio of Gli-
reporter:LacZ), and variable amounts of empty vector ()CMV6-Entry) to normalize the total
DNA quantity in each well. Twelve hours later, cells were induced with Shh protein in low-
serum medium (0.5% calf serum) and cultured for an additional forty hours.
Chemiluminescence (Dual-Light Luciferase and b-Galactosidase Reporter Gene Assay
System, Life Technologies) was measured in lysed (Passive Lysis Buffer, Promega) NIH
3T3 cells as directed by the manufacturer (FLUOstar Omega, BMG Labtech).

2.11. Statistical analysis

PTCH1 mRNA levels in gliomas were analyzed by one-way ANOVA with Tukey—Kramer
post test. Significance for Anchorage independent growth assays was determined by
unpaired T-test. The half-maximal excitatory concentrations (EC50) were determined by
obtaining the non-linear regression (sigmoidal dose response curves with variable slope) of
transformed (X=Log(X)) and normalized (highest value set at 100) data. Significance was
determined using one-way ANOVA with Bonferroni’s post test. Data are presented as either
+ SEM or £ SD and specified within the text. P 60.05 was considered significant. All
statistical analyses were performed using GraphPad Prism.

3. Results

3.1. Similar pattern of elevated PTCH1 expression and IDH gene mutation in World Health
Organization grades I, lll and IV gliomas

PTCH1 and GLI1 are Hh pathway components and gene targets whose expression levels
have been most commonly measured as indicators of pathway activation. As metrics of
pathway activation, the selection of either gene target can be optimized according to
experimental context. At the outset of our studies, PTCH1 and GLI1 expression were
measured in epilepsy specimens to determine baseline levels for comparison with
measurements in glioma specimens. PTCH1 transcript expression was detected and
measured at relatively similar levels in all of the epilepsy specimens (Fig. 1A) whereas GLI11
transcript could not be detected in a third of the epilepsy specimens and detectable
expression levels were more variable (Supplementary Fig. 1A). Discordant PTCH1 and
GLI1 expression levels have been reported in tumor specimens [16, 36], and GLI1
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expression has been detected in the absence of PTCH1 expression in colon tumors that are
not Hh-responsive in signaling assays [9]. Based upon these observations, in this study
PTCHL levels were measured in tumor specimens as a static indicator of pathway activity.
In signaling assays with mouse embryonic fibroblasts (Supplementary Fig. 1B) and glioma
cells [17], where basal levels of PTCH1 and GLI1 can be measured for comparison, GLI1
expression is induced to higher levels than PTCH1 by pathway activation. Therefore, in this
study GLI1 expression levels were measured in signaling assays and isolated tumor cells as
a more sensitive indicator of pathway activation.

To extend the prior analysis of 46 glioma specimens[17], PTCH1 mRNA levels were
measured by quantitative real time PCR (QRTPCR) in 114 adult GII-I1V glioma specimens.
In all glioma (n=160) and control (n=11) specimens, PTCH1 levels were normalized to
endogenous GAPDH levels and expressed as the fold difference relative to control samples
resected from patients with epilepsy. The relative PTCH1 mRNA levels were 1.24+0.25 in
control tissues (n=11) and 6.56+0.97 in GlI (n=43), 4.69+1.28 in Gl (n=33) and 1.17+0.18
in GIV (n=84) gliomas (meanzs.e.m.) (Fig. 1A). One-way analysis of variance revealed
significant differences in the mean glioma PTCH1 levels (P<0.0001), with significantly
elevated mean PTCH1 values measured in Gl and Gl gliomas compared to GIV gliomas
(P<0.01) by post hoc analysis. Within GIl and G111 tumors, elevated PTCH1 expression was
measured in astrocytomas and oligodendrogliomas with equal frequency (data not shown).
To estimate the proportion of gliomas in which the Hh pathway might be activated,
threshold analysis was applied. Among control epilepsy specimens, the highest relative
PTCHL level measured was threefold greater than the mean (Fig. 1A). Glioma PTCH1
MRNA levels were elevated above the mean for control epilepsy samples by a level of >3
fold in 65% of Gll, 44% of GllI and 7% of GIV glioma specimens (Fig.1B). The pattern of
PTCHL. elevation in samples encompassing a larger cohort supported our prior interpretation
that the Hh pathway is commonly activated in Gll and GllI gliomas [17, 20]. Contrary to
our prior findings and consistent with those of other studies [15, 16, 21], however, the
pattern of PTCH1 elevation in a larger cohort of specimens suggests that the Hh pathway
may also be activated in a subset of GIV glioblastomas. Furthermore, the pattern of elevated
PTCHL1 expression paralleled the pattern of IDH mutations reported in malignant glioma
subtypes [25, 26, 28]. To evaluate this similarity, we sequenced IDH1 and IDH2 in 116 of
the malignant glioma specimens selected to include those for which high and low levels of
PTCH1 mRNA had been measured or for which primary cell cultures or xenografts had
been generated. Mutations at arginine R132 of IDH1 or R172 of IDH2 were detected in 33
of 34 (97%) of Gl gliomas, 19 of 28 (68%) of GllI gliomas and 4 of 49 (6.8%)
glioblastomas (Fig. 1C). Of the four GBM with IDH1 mutations, by histopathological and
clinical data, two were diagnosed as SGBM, one as pGBM and one as recurrent GBM
(recGBM) with prior resection 14 months earlier. One of the SGBM in our collection had
histopathological evidence of an anaplastic astrocytoma resected 15 months earlier, and both
specimens were wild-type for IDH. The similar frequencies of GBM with elevated PTCH1
MRNA levels and IDH mutations suggest that the Hh pathway may be activated in a subset
of GBM as well as Gll and GllI gliomas. To evaluate this possibility and corroborate the
gRT-PCR results, immunohistochemical staining for PTCH expression was performed on 11
adult gliomas. Scattered PTCH-positive cells were observed in 3/3 Gll, 4/4 Glll and 1/4

Cancer Lett. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Valadez et al.

Page 8

GBM (Fig. 2 and data not shown). Consistent with the idea that the Hh pathway may be
activated in a subset of GBM characterized by IDH mutation, PTCH staining was observed
only in an IDH mutant GBM and not in three other GBM that were wild-type for IDH (Fig.
2E-H).

3.2. Manifestation of an operational Hh pathway in secondary glioblastoma

We have previously concluded that the Hh pathway is not operant in pGBM based on the
absence of a Hh response in signaling assays on primary cell cultures generated from 6
patient specimens [17, 20]. To assess further the operational status of the Hh pathway GIV
gliomas, glioma sphere cultures were generated from IDH mutant (n=3) and IDH wild-type
(n=4) GBM specimens and assayed under stem cell culture conditions [17]. Significant
induction of GLI1 mRNA was measured in all 3 IDH mutant GBM cultures and an IDH
wild-type sGBM (Fig. 3A-D). Interestingly, the level of GLI1 induction in the IDH wild-
type sGBM (Fig. 3D) was very low and nearly identical to that measured in the anaplastic
astrocytoma from which it evolved (Fig.3E). Conversely, GLI1 mRNA levels could not be
modulated by the addition of Smoothened agonist or antagonist in glioma spheres generated
from the three IDH wild type pGBM (Fig. 3F and data not shown).

To examine more broadly the relationship between IDH mutation and the operational status
of the Hh pathway in gliomas, IDH sequences were analyzed for the primary tumor
specimens from which cell lines had been derived and assayed for Hh signaling in prior
studies (n=14) and in this study (n=12) [17, 19, 20]. For these assays, significant induction
of GLI1 mRNA measured in 5 of 5 GlI, 8 of 8 GllI and 4 of 13 GIV glioma spheres (Fig.
3G). Analysis of IDH sequence with respect to WHO grade and Hh signal response revealed
that an operational Hh pathway could be measured in all cultures derived from IDH mutant
gliomas (Fig. 3G). Not all Hh-responsive GllI gliomas contained IDH mutations, however,
suggesting that IDH mutation may not be required to manifest an operational pathway. In
GIV gliomas, a responsive Hh pathway was measured only in GBM with IDH mutation or
histopathological evidence of progression from a lower grade glioma (Fig. 3G). Thus, in the
absence of histopathological evidence to support the diagnosis of SGBM, the presence of an
IDH mutation may serve as a molecular marker of Hh-responsive high grade gliomas.

IDH mutation is commonly lost in glioma cell culture [37], and only two cell lines that
retain IDH1 mutation in culture have been reported [38, 39]. Sequence analysis of the
primary cell lines that we generated from IDH mutant gliomas revealed loss of the mutation
in all instances (Fig. 4A and data not shown). The mechanism by which IDH mutation is lost
in cell culture is unknown, though it has been suggested that only viable non-tumor cells
remain in culture following the elimination of IDH mutant tumor cells [37]. To evaluate this
possibility, we assayed primary cell lines derived from gliomas and an epilepsy specimen
for the property of colony formation in soft agar. Anchorage-independent growth was
observed only in the tumor cell lines, and independent of the IDH mutation status of the
parent tumor (Fig. 3H). These results indicate that a transformed phenotype was maintained
despite the loss of IDH mutation in cell culture. Although a transformed phenotype was
maintained, clear interpretation of the influence of IDH mutation on Hh response in vitro is
complicated by the loss of mutation in culture. The sequencing results, however, do not alter
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interpretation of the differential Hh responses measured in cell lines derived from gliomas
with wild-type IDH sequences; the Hh pathway was modulated in cells cultured from IDH
wild-type GlII gliomas, but not in cells cultured from IDH wild-type pGBM. We have
previously reported that pharmacological inhibition of the Hh pathway in Gl glioma
xenografts confers a survival advantage [20]. To gain a better appreciation of the influence
of IDH mutation on Hh pathway modulation in vivo, we sequenced the tumors from three
primary orthotopic glioma xenograft models that were characterized for pathway
responsiveness [20]. The parent tumor and engrafted tumor specimens contained an IDH1
R132H mutation for the Hh-responsive GlllI oligoastrocytoma model and wild-type IDH
sequences for the Hh-responsive Gl astrocytoma and Hh-unresponsive pGBM models
(Table 1). The retention of IDH1 R132H mutation in the Hh-responsive GllII
oligoastrocytoma xenograft provides strong evidence for an operational Hh pathway in the
presence of IDH mutation. Additionally, the wild-type IDH sequence of the Hh-responsive
GlII astrocytoma xenograft is consistent with the interpretation that IDH mutation is not
required for an operational pathway in lower grade gliomas.

3.3. Elevated GLI1 transcript expression in CD133+ cells isolated from glioblastoma with
IDH mutation

In order to evaluate the relationship between the presence of IDH mutation and Hh pathway
operational status in glioblastoma, we analyzed a GBM orthotopic xenograft that retained
IDH1 R132H mutation in the engrafted tumor (Fig. 4A). Within the heterogeneous cell types
of glioma, the Hh pathway regulates CD133+ cells [15, 16] and, correspondingly, Hh gene
target expression segregates with CD133 expression in Hh-responsive gliomas [20]. CD133
positive and negative cells were isolated by fluorescence-activated cell sorting (FACS) from
the IDH1 mutant GBM xenograft, two IDH wild-type GBMs (one xenograft and one tumor
specimen) and an IDH1 mutant anaplastic astrocytoma specimen (positive control). In both
IDH mutant and wild-type tumors, human Prominin-1 (RPROM1, which encodes CD133)
transcript levels were greatly enriched and depleted in cells sorted for positive and negative
CD133 antibody staining, respectively (Fig. 4B). Conversely, hGLI1 levels were enriched in
CD133+ cells only when sorted from the IDH1 mutant GBM xenograft and analplastic
astrocytoma (Fig. 3C). Taken together with sequencing results of tumors assayed for Hh
signaling in vitro and in vivo, these findings fortify the utility of IDH mutation as a
molecular marker to identify Hh responsive GBM.

3.4. IDH mutation is not required for Hh signal response

While IDH mutation can be used to identify Hh-responsive GBM, significant pathway
modulation in GllII gliomas with wild type IDH sequences (Fig. 3G and Table 1) suggests
that IDH mutation is not required for an operant pathway. To directly determine whether
IDH mutation influences Hh signaling, pathway response was assayed in fibroblasts
transfected with wild-type or mutant IDH1 expression constructs (Fig. 5A-D). The
production of 2 hydroxyglutarate by expression of IDH1 with mutation at R132 was
confirmed with LC-MS/MS (Fig. 5A and B). Overexpression of wild-type IDH1, IDH1
bearing a polymorphism at Y183 (an additional wild-type control), or IDH1 with mutation at
R132 did not alter a dose-dependent response to Sonic hedgehog (Shh) ligand (Fig. 5C).
Furthermore, the pathway response to a constant level of Shh stimulation was not enhanced
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or inhibited by the expression level of wild-type, polymorphic or mutant IDH1 constructs
(Fig. 5D). Together, these data indicate that IDH1 mutation and 2-hydroxyglutarate levels
do not impact Hh pathway response.

4. Discussion

The Hh signaling pathway regulates glioma growth and is thus relevant for gaining a better
understanding of glioma biology and identifying therapeutic targets. Defining glioma
subgroups in which the Hh pathway is operational is therefore important for preclinical
studies and their extension to clinical trials. Based upon an extensive survey of patient
specimens, we report that the Hh pathway is operational in astrocytomas,
oligodendrogliomas, and oligoastrocytomas, and in a subgroup of glioblastomas delineated
by IDH1 mutation or clinical evidence for progression from a lower grade glioma.
Determining whether a particular tumor is Hh responsive has been hindered by the lack of
definitive assays for pathway activation and by tumor heterogeneity. For example, in several
instances among GlI and GI1I gliomas we measured low Hh target gene expression and yet
robust pathway induction in primary cell cultures generated from the same tumor specimen.
This discrepancy is consistent with the presence of an operational Hh pathway that has not
been activated, or heterogeneity with respect to gene target expression in the portion of
tumor sampled for gGRTPCR measurements and the portion used to generate a primary cell
culture for a signaling assay. The reliance upon relative levels of Hh gene target expression
in tumor specimens and the more cumbersome aspects of generating primary cell cultures or
xenografts for signaling assays to define Hh-responsive gliomas underscore the need for a
more readily applicable surrogate marker. In this study, we found evidence for an operant
Hh pathway in every glioma harboring an IDH mutation, demonstrating that IDH mutation
may serve as a marker to identify Hh-responsive gliomas. The value of this finding is
particularly evident in the case of glioblastoma where we were able to identify Hh-
responsive tumors by IDH mutation from within a larger collection of unresponsive IDH
wild-type GIV gliomas. Sequence analysis for IDH mutations and immunohistochemistry
with an IDH1 antibody specific for the most frequent mutation, R132H [40], represent
highly specific and sensitive assays that are gaining routine use in the realms of
histopathology, translational investigation and clinical trial [26, 41, 42]. The very high
frequency of IDH mutation in oligodendrogliomas, oligoastrocytomas, astrocytomas and
sGBM has been interpreted to suggest that it is an early genetic alteration in a common cell
of origin that is distinct from the cellular origin for pGBM [28, 29, 43]. Our findings suggest
a model where Gl gliomas, Gl gliomas and sGBM arise from a Hh-responsive cell type,
or types, whereas pGBM arise from cell types that are not Hh responsive (Fig. 6). In this
context it is not surprising that some Hh responsive gliomas did not contain IDH mutations.
Although the cellular origins of gliomas remain unknown, comprehensive genomic studies
have identified robust glioma subgroups with molecular signatures reflecting distinct
cellular types and perhaps origins [44]. In each instance, specific genetic alterations that
characterize a particular glioma subgroup are not present in every tumor contained in that
subgroup. In the Proneural subgroup that encompasses GllI gliomas and sGBM, for
example, IDH mutation occurs in only a portion of the gliomas that otherwise share a
common gene expression profile [45, 46]. Thus while IDH mutation typifies Gl gliomas,
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GlIl gliomas and sGBM, it is not required for classifying these glioma subtypes according to
histopathological or transcriptome criteria. In this regard, IDH mutation characterizes Hh
responsive gliomas encompassing a spectrum of ensuing grades of malignancy. The
maintenance of an operational pathway in each grade supports the potential importance of
Hh signaling in glioma progression.
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Fig. 1.
Similar pattern of elevated PTCH1 expression and IDH gene mutation in World Health
Organization grades Il, 11l and IV gliomas. (A) Scatter plot of PTCH1 expression levels

measured in control and glioma specimens revealed significant elevation of PTCH1 levels in
Gll and GlII gliomas. For each group, the mean expression level and standard error of
measurement is represented with black lines. (B) PTCH1 mRNA levels were three fold
greater than those of control epilepsy specimens in 28/43 Gll, 14/34 of Gl and 6/ 83 GIV
glioma specimens. (C) Heterozygous mutations at arginine R132 of IDH1 were detected in
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32/34 GlI, 19/28 GllI and 4/54 GIV gliomas. Heterozygous mutation at arginine R172 of
IDH2 was detected in one Gl oligodendroglioma. ## P<0.01; ### P<0.001 (Post-hoc
analysis of one-way ANOVA).
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Fig. 2.
PTCH protein expression in World Health Organization grades I1-1V gliomas. (A-H) PTCH

staining in paraffin-embedded patient specimens. (A and B) Immunostaining to control for
background signal in hypocellular and hypercellular patient material included an epilepsy
specimen (A) and an anaplastic ependymoma specimen (B), respectively. (C—H) In gliomas
with oligodendroglial and astrocytic differentiation, PTCH immunostaining was detected in
3/3 Gll and 4/4 Gll1 specimens (C and D and data not shown). In GBM, PTCH staining was
detected only in a specimen with an IDH mutation (E) and not in specimens with wild-type
IDH (F-H).
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Fig. 3.

Manifestation of an operational Hh pathway in secondary glioblastoma characterized by
IDH1 mutation or progression from an anaplastic astrocytoma. (A-F) Glioma spheres
generated from three glioblastomas with R132H IDH1 mutation (GBM 17182, GBM 18594
and GBM 14695), a secondary glioblastoma without IDH1 or IDH2 mutations (GBM
15432), an anaplastic astrocytoma from which GBM 15432 evolved (AA 15432), and a
primary glioblastoma without IDH mutation (GBM 10148). The glioma spheres were
cultured for 36 h either alone (control, CTR), with Smoothened agonist (SAG 50 nM or 500
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nM), or Smoothened antagonist 1 (SANT 200 nM). In triplicate wells for each cell line and
culture condition, the GLI1 mRNA levels were normalized to GAPDH and expressed
relative to the untreated control cultures with error bars denoting standard deviation. A dose-
dependent response to SAG was measured in all of the glioma spheres except those cultured
from pGBM 10148. (G) Summary of IDH sequence, histological grade and Hh response in
26 signaling assays. (H) Independent of IDH mutational status, primary cells cultured from
GII-GIV gliomas form colonies in soft agar (number of colonies P50 Im per field). !
P<0.05; ! P<0.01; ! P<0.001 (Unpaired T-test).
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Fig. 4.
Elevated GLI1 transc

ript expression in CD133+ cells isolated from glioblastoma with IDH

mutation. (A) IDH1 R132H mutation is maintained in a primary orthotopic GBM mouse
xenograft (GBM 17182X), as demonstrated by gene sequencing and R132H antibody
staining. (B—C) Cell suspensions generated from two orthotopic GBM xenografts (GBM

17493X without IDH
primary gliomas (GB

mutation and GBM 17182X with IDH1 R132H mutation) and two
M 12782 without IDH mutation and AA 12899 with IDH1 R132H

mutation), were stained with CD133/1 antibody, subjected to fluorescence-activated cell
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sorting and analyzed by quantitative RT-PCR with human-specific primers. (B) Compared
to unsorted cells (U), human Prominin-1 (hPROML1) levels were enriched and depleted in
cells sorted for positive (P) and negative (N) CD133 staining, respectively, from all tumors.
(C) Relative human GLI1 (hGLI1) levels were low in IDH wild-type glioblastoma cells
(GBM 17493X and GBM 12782) and not significantly altered by sorting. In the IDH1
R132H mutant glioblastoma xenograft (GBM 17182X) and anaplastic astrocytoma (AA
12899), hGLI1 levels were higher and enriched or depleted in cells sorted for positive or
negative CD133 staining, respectively.
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Fig. 5.

IDH mutation is not required for Hh signal response. (A-D) 2-hydroxyglutarate (2-HG)
levels measured by mass spectrometry in the media (A) and lysate (B) of transfected HEK
293T cells confirm that IDH1 expression constructs mutated at arginine R132 (R132H,
R132S and R132G) confer production of the on cometabolite whereas the introduction of a
polymorphic mutation (Y183C) does not. (C-D) NIH 3T3 cells were co-transfected with
expression plasmids for IDH1, Gli-reporter (8x Gli-luciferase) and LacZ, changed to low-
serum medium containing Shh protein and then analyzed for chemiluminescence. Dose-
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dependent Gli-reporter activity to increasing levels of Shh protein was not altered by the co-
expression of wild-type or mutant IDH1 cDNA. Differences in the half maximal effective
concentration (EC50) of Shh ligand measured in presence of IDH1 wild type (0.53), Y183C
polymorphism (0.44), R132G (0.37) and R132S (0.39) expression did not reach statistical
significance (P>0.1; one-way ANOVA with Bonferroni’s post test) (C). At a constant level
of Shh ligand exposure, Gli-reporter activity was not significantly increased or decreased by
co-transfection of IDH1 expression plasmids over a broad range (100-1600 ng per well) of
cDNA concentrations (D). Solid and dotted lines denote non-linear regression analysis.

Cancer Lett. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Valadez et al. Page 24

Hh-responsive Hh-unresponsive

IDH
mutation
(~70%)

Cells of origin

Oligodendroglioma
Oligoastrocytoma
Astrocytoma

Glioblastoma Glioblastoma

Fig. 6.

Cancer Lett. Author manuscript; available in PMC 2015 January 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Valadez et al.

Table 1

IDH sequence and status of Hh pathway in three primary glioma xenograft models.

GlII oligoastrocytoma ~ GllI astrocytoma GIV GBM

Tumor sequence R132H Wild-type Wild-type
Xenograft sequence  R132H Wild-type Wild-type
Hh responsivea Yes Yes No
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